Retinoids, the natural and synthetic vitamin A derivatives, regulate a broad range of biological processes, including growth, differentiation, and development, in both normal and neoplastic cells (22, 27) . The effects of retinoids are mainly mediated by two classes of nuclear receptors, the retinoic acid receptors (RARs) and retinoid X receptors (RXRs), that are encoded by three distinct genes (␣, ␤, and ␥) and are members of the steroid and thyroid hormone receptor superfamily (32, 40, 77) . Retinoid receptors modulate the expression of their target genes in response to their natural ligands trans-retinoic acid (trans-RA) and 9-cis-RA as well as a number of synthetic analogs. 6-[3-(1-Adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic acid (AHPN or CD437), first identified as a RAR␥-selective retinoid by receptor binding and transcriptional activation assays (3), was recently reported to effectively inhibit the growth and induce apoptosis of a variety of cancer cells (9, 38, 47, 56, 57, 68) . One unique feature of AHPN/CD437 is that it can act in a p53-independent mechanism (57) . In addition, this novel compound did not appear to require activation of RARs or RXR to exert its effect (57) , although the contribution of RAR␥ activation to its activity cannot be completely excluded, because RAR␥-selective retinoid agonists have been reported to inhibit cancer cell growth (38, 68) . Importantly, the growthinhibitory and apoptosis-inducing effects of AHPN/CD437 could be observed in trans-RA-refractory breast cancer (57) and leukemia (29) cell lines, indicating that it may be representative of a novel class of compounds suitable for treatment of trans-RA-resistant cancers. Although AHPN/CD437 has been shown to regulate expression of a number of genes, including p21
WAF1/CIP1 (57) and Bcl-X L (28) , in breast cancer cells, how it promotes apoptosis and G 0 /G 1 arrest remains largely unknown.
The progression of eukaryotic cells through the cell cycle is a complex process and finely regulated by extracellular stimuli and intracellular checkpoints (30, 58) . Factors determining whether cells proliferate or cease dividing and differentiate appear to operate mainly in the G 1 phase of the cell cycle (48) , and activation or inactivation of cyclin-dependent kinase (cdk) plays a critical role in the process (30, 48, 58) . One cdk inhibitor is p21 WAF1/CIP1 , which mediates p53-induced growth arrest triggered by DNA damage and arrests cells in G 1 phase (12, 14, 21, 24, 45, 73) . Regulation of p21 WAF1/CIP1 by p53 presumably occurs at the transcriptional level through several putative p53 binding sites in the p21 WAF1/CIP1 promoter region (13, 24) . Recent studies have also revealed a p53-independent induction of p21 WAF1/CIP1 , which also induces growth arrest in response to a variety of stimuli, including growth factors, tetradecanoyl phorbol acetate, and okadaic acid (31, 39, 49, 61, 75) . Regulation of p53-independent expression of p21 WAF1/CIP1 is of great interest, since it could represent an important approach to control aberrant proliferation of cancer cells in which p53 is often deleted or mutated.
Numerous signals can trigger apoptosis, which is an important mechanism for eliminating aberrant or unwanted cells from an organism (17, 62, 67) . Once triggered, apoptosis appears to proceed through a central death pathway in which specific cellular proteases and endonucleases are activated to destroy cells (17, 62, 67) . Members of the Bcl-2 family are known to modulate apoptosis in different cell types in response to various stimuli (34, 54) . Bcl-2 and Bcl-X L promote cell survival, while Bax enhances cell death (34, 54) . A number of transcriptional factors are also involved in regulating apoptosis, probably through their modulation of downstream target genes leading to the central death pathway. p53 can mediate apoptosis in response to DNA damage and adenovirus E1A (10, 37, 42) , whereas c-Myc is involved in the cell death of growth-arrested fibroblasts (16) . It was demonstrated recently that c-Jun, a component of the AP-1 complex involved in cell cycle progression, differentiation, and cell transformation (2, 66) , could also promote apoptosis in various cell types (5, 7, 11, 15, 19, 23, 33, 41) . Moreover, nuclear orphan receptor nur77 (also known as NGFI-B and TR 3 ) (8, 25, 43) is highly induced in activation-induced T-cell apoptosis (36, 71) . The observation that expression of a dominant-negative nur77 or antisense nur77 RNA could inhibit apoptosis (36, 71) indicates that nur77 is also required for induction of activation-induced Tcell apoptosis. nur77 is rapidly induced in a variety of cells in response to growth and differentiation signals, such as serum growth factors, nerve growth factor, and phorbol esters (8, 25, 44) . It functions as a transcriptional factor by binding to its response element as either a monomer (70) or homodimer (51) . In addition, nur77 can heterodimerize with RXR (18, 50) and another orphan receptor COUP-TF (72) to modulate the binding activities of a variety of RA response elements (72) and their sensitivity to trans-RA (72) . Sequences required for induction of nur77 by various stimuli have been identified. There are several potential binding sites for the transcriptional factor AP-1 in the nur77 promoter (64, 69) , suggesting that members of the AP-1 family should participate in nur77 induction and that nur77 may be a downstream target to mediate c-Jun-induced apoptosis.
Although the conventional retinoids can effectively regulate the proliferation and differentiation of tracheobronchial epithelial cells (22, 27) , their efficacy against lung cancer cells is limited (26, 46) . The majority of lung cancer cell lines exhibit resistance to the growth-inhibitory effect of trans-RA, in part due to abnormal expression of RAR␤, that occurs with high frequency in primary human lung cancer tissues and human lung cancer cell lines (20, 34A, 78) . Because AHPN/CD437 effectively inhibited the growth of trans-RA-refractory breast cancer cells (57) and leukemia cells (29) , we investigated the growth-inhibitory and apoptosis-inducing effects of AHPN/ CD437 in lung cancer cell lines and its mechanism of action. Our results demonstrate that AHPN/CD437, by inducing apoptosis and G 0 /G 1 arrest, is much more effective than trans-RA in inhibiting the growth of all four lung cancer cell lines investigated, including a p53-deficient lung cancer cell line. In addition, we show that induction of G 0 /G 1 arrest by AHPN/CD437 is mainly conferred by a rapid induction of p21 WAF1/CIP1 . Furthermore, we demonstrate that promotion of apoptosis by AHPN/CD437 is largely mediated by induction of c-Jun and nur77 expression and modulated by inhibition of Bcl-2 activity. Thus, our study reveals a novel c-Jun/nur77 pathway for retinoid-induced apoptosis in human lung cancer cells. The observation that AHPN/CD437 is a much more potent growth inhibitor than trans-RA in lung cancer cell lines including p53-deficient lung cancer cell line suggests that AHPN/CD437 or its analogs may have therapeutic potential against lung cancer or its development.
MATERIALS AND METHODS
Retinoids. All retinoids were dissolved in ethanol before dilution with medium. trans-RA was obtained from Sigma (St. Louis, Mo.). AHPN/CD437 was prepared as described previously (57) .
Cell culture. The non-small-cell lung cancer (NSCLC) cell lines H292, H460, A549, and SK-MES-1 were obtained from American Type Culture Collection. SK-MES-1 cells were grown in minimal essential medium supplemented with 10% fetal calf serum (FCS), A549 cells were grown in Dulbecco modified Eagle medium with 10% FCS, and H292 and H460 cells were maintained in RPMI 1640 medium supplemented with 10% FCS.
Growth inhibition assay. For adherent growth inhibition, cells were seeded at 1,000 cells per well in 96-well plates and treated 24 h later with various concentrations of retinoids for different periods of time. The control cells received vehicle (ethanol). Media and retinoids were changed every 48 h. Viable-cell number was determined by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay in which the capacity of cells to convert a tetrazolium salt to a blue formazan product was measured by using a cell proliferation or cytotoxicity assay kit (Promega, Madison, Wis.) (35) . Results obtained were confirmed by counting the cells with a hemocytometer.
Apoptosis analysis. Apoptosis analyses were done as previously described (35) . For morphological analysis, cells were treated with 10 Ϫ6 M AHPN/CD437, trypsinized, washed with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde, and stained with 50 g of 4,6-diamidino-2-phenylindole (DAPI) per ml containing 100 g of DNase-free RNase A per ml to visualize the nuclei. Stained cells were examined by fluorescence microscopy. For the terminal deoxynucleotidyl transferase (TdT) assay, cells were treated with or without 10 Ϫ6 M AHPN/CD437. After treatment, cells were trypsinized, washed with PBS, fixed in 1% formaldehyde in PBS, washed with PBS, resuspended in 70% ice-cold ethanol, and immediately stored at Ϫ20°C overnight. Cells were then labeled with biotin-16-dUTP by terminal transferase and stained with avidin-FITC (fluorescein isothiocyanate) (Boehringer Mannheim). The labeled cells were analyzed with a FACScater-Plus flow cytometer. Representative histograms are shown in Fig. 2c, 8b, and 9 .
Flow cytometric analysis. Cells were trypsinized and collected by centrifugation at 2,000 rpm for 5 min. The cell pellets were then resuspended in 1-ml portions of PBS and fixed in 70% ice-cold ethanol and kept in a freezer overnight. Fixed cells were centrifuged, washed once in PBS, and then resuspended in 100 l of phosphate-citrate buffer (192 parts of 0.2 M Na 2 HPO 4 and 8 parts of 0.1 M citric acid [pH 7.8]) for 30 min at room temperature to wash out any degraded DNA from apoptotic cells. The cells were then collected by centrifugation at 2,000 rpm, and the cell pellets were washed twice with PBS and then resuspended in PBS containing 50 g of propidium iodide (Sigma) per ml and 100 g of DNase-free RNase A (Boehringer Mannheim) per ml. The cell suspension was incubated for 30 min at 37°C and protected against light and then analyzed with a FACScater-Plus flow cytometer.
RNA preparation and Northern blot analysis. For Northern blot analysis, total RNAs were prepared by the guanidine hydrochloride-ultracentrifugation method (72) . Samples of about 30 g of total RNAs from different cell lines were fractionated on 1% agarose gels, transferred to nylon filters, and probed with the 32 P-labeled probe as previously described (72) . To normalize the amount of RNA used, the filters were also probed with ␤-actin.
Antibodies and Western blots. Cells were lysed in a solution containing 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Triton X-100 and protease inhibitors phenylmethylsulfonyl fluoride (PMSF), aprotinin, leupeptin and pepstatin. Equal amounts of lysates (50 g) were boiled in sodium dodecyl sulfate (SDS) sample buffer, resolved by SDS-polyacrylamide gel electrophoresis (12.5% polyacrylamide), and transferred to nitrocellulose. After transfer, the membranes were blocked in TBST (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Tween 20) containing antibody. The membranes were then washed three times with TBST and then incubated for 1 h at room temperature in TBST containing horseradish peroxidase-linked antiimmunoglobulin. After three washes in TBST, immunoreactive products were detected by chemiluminescence with an enhanced chemiluminescence system (ECL; Amersham). Anti-p21 and anti-c-Jun antibodies were obtained from Santa Cruz Biotechnology Inc., antip53 antibody was from Oncogene Inc., and antibodies against Bcl-2, Mcl-1, Bcl-X L , and Bax were described previously (4). Anti-␣-tubulin was used for the control.
Transient-transfection assay. A total of 5 ϫ 10 5 cells were seeded in each well of six-well culture plates. A modified calcium phosphate precipitation procedure was used for transient transfection as described elsewhere (74, 76) . Briefly, 250 ng of reporter plasmid (Ϫ73Col-CAT) and 250 ng of ␤-galactosidase (␤-Gal) expression vector (pCH110; Pharmacia) were mixed with carrier DNA (pBluescript) to 2.5 g of total DNA per well. Chloramphenicol acetyltransferase (CAT) activity was normalized for transfection efficiency to the corresponding ␤-Gal activity.
Stable transfection. Transfection of the dominant-negative c-Jun into A549 cells and the selection of the stable clones were described previously (6) . Briefly, the dominant-negative c-Jun expression plasmid [pLHCXcjun(Ala 63,73)] constructed as previously described (52, 53) was transfected into A549 cells. For a control, the empty vector pLHCX was also used. In both cases, the cells were cotransfected with 200 ng of pMT64AA (bearing the geneticin resistance gene), using Lipofectin (Gibco BRL) at 20 l/ml of media. Clone selection was performed by adding G418 (Gibco BRL) to the media a final concentration of 1 mg/ml 3 days after the transfection. After 3 weeks, several clones were isolated by using cloning rings. The expression of the c-JunAla (63, 73) protein by the clones was determined by Western analysis using anti-c-Jun antibody. Selected clones were then maintained in media supplemented with G418 (0.5 mg/ml), and only low-passage cells (Ͻ10 passages) were used. To construct antisense nur77 expression vector, cDNA for the nur77 gene was cloned into pRc/CMV expression vector (Invitrogen, San Diego, Calif.) in an antisense orientation. The resulting recombinant construct was then stably transfected into A549 or H460 cells by the calcium phosphate precipitation method and screened with G418 (800 mg/ml). The integration of exogenous nur77 cDNA was determined by Southern blotting, and the effect of antisense nur77 RNA expression on endogenous nur77 expression was determined by Northern blotting.
Preparation of nuclear extracts and gel retardation assays. Nuclear extracts were prepared essentially according to the method previously described (72) . Briefly, cells growing to about 90% confluence were washed with cold PBS and scraped into PBS by using a rubber policeman. Cells were pelleted by low-speed centrifugation and then resuspended in a buffer containing 10 mM Tris-HCl (pH 7.4), 3 mM CaCl 2 , and 2 mM MgCl 2 . After the cells were pelleted, they were lysed in buffer containing 1% Nonidet P-40 by 10 to 15 strokes by using an ice-cold Dounce homogenizer. Immediately after lysis, nuclei were collected by centrifugation at 2,000 ϫ g and washed once with a buffer containing 10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, and 0.5 mM dithiothreitol. Nuclear protein were extracted with a high-salt buffer containing 20 mM HEPES-KOH (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, and 0.5 mM dithiothreitol. All the buffers used for the procedure contained protease inhibitors, i.e., 100 g of PMSF per ml, 1 g of leupeptin per ml, and 1 g of aprotinin per ml. When it was necessary, nuclear extracts were concentrated with a Centricon 10 instrument (Millipore). Small aliquots of nuclear proteins were immediately frozen and kept at Ϫ80°C until use. To study AP-1 binding, nuclear extracts (5 g) from different lung cancer cells were analyzed by gel retardation assay for their AP-1 binding activity, using 32 Plabeled AP-1 as a probe as described previously (1) . The AP-1 binding site used in the experiments was derived from the collagenase promoter (TGACTCA). Labeled DNA probes were purified by gel electrophoresis and used for the gel retardation assay.
RESULTS
AHPN/CD437 is more effective than trans-RA in inhibiting the growth of human lung cancer cell lines. Recently, the synthetic retinoid AHPN/CD437 was shown to inhibit the growth and induce apoptosis in breast cancer cell lines in a retinoid receptor-and p53-independent manner (57). Because most human NSCLC cell lines express low levels of RAR␤ and are refractory to growth inhibition by trans-RA (34a, 72, 78), we analyzed whether AHPN/CD437 could inhibit the growth of four NSCLC lines, which show various degrees of trans-RA sensitivity (34a). These NSCLC lines, SK-MES-1, H460, A549, and H292, were treated with 10 Ϫ6 M AHPN/CD437 or trans-RA for different periods of time, and cell numbers were determined daily by the MTT assay. As shown in Fig. 1a , trans-RA, at 10 Ϫ6 M, inhibited the growth of A549 and H460 cells by only 20% after 5 days. AHPN/CD437, however, had a much greater growth-inhibitory effect on these cells, with about 50% inhibition. trans-RA did not show a clear inhibitory effect on the growth of SK-MES-1 and H292 cells. However, the growth of these cells was strongly inhibited (about 50%) by AHPN/CD437. Growth inhibition by AHPN/CD437 in these lung cancer cell lines was apparent after 2 days of treatment with 10 Ϫ6 M AHPN/CD437. Dose-response experiments ( , and 8.5 ϫ 10 Ϫ7 M, respectively, which are much lower than those of trans-RA. These data demonstrate that AHPN/CD437 is more effective than trans-RA in inhibiting the growth of these four NSCLC lines.
Induction of apoptosis in human lung cancer cell lines by AHPN/CD437. AHPN/CD437 was previously shown to induce apoptosis in human breast cancer cell lines (57) . To determine whether apoptosis induction could account for its growth-inhibitory effect observed above, nuclear morphology of AHPN/ CD437-treated or -untreated lung cancer cells was studied. For comparison, cells treated with trans-RA were also analyzed. Treatment of H460, SK-MES-1, and A549 cells with 10 Ϫ6 M AHPN/CD437 for 2 days caused the classical morphological characteristics of apoptosis, including nuclear condensation and fragmentation (Fig. 2a) . By contrast, treatment of H292 cells displayed a normal nuclear morphology similar to that of untreated cells. When apoptotic cells were scored based on morphological criteria (Fig. 2b) , about 52% of SK-MES-1, 26% of H460, and 17% of A549 cells displayed apoptotic morphology in response to AHPN/CD437. Under the same conditions, trans-RA did not show a clear apoptosis-inducing effect on these cell lines, except that a slight induction (10%) of apoptotic cells was observed in H460 cells. AHPN/CD437-induced apoptosis was studied further by the TdT assay. As shown in Fig. 2c , extensive DNA fragmentation was observed in AHPN/CD437-treated SK-MES-1, H460, and A549 cells, but not in H292 cells when they were treated for 1 day. To determine whether apoptosis in H292 cells was a delayed process, H292 cells were treated with 10 Ϫ6 M AHPN/CD437 for longer periods of time and apoptosis was studied by nuclear morphology changes. As shown in Fig. 2d , apoptosis was also observed in H292 cells, when these cells were exposed to 10 Ϫ6 M AHPN/CD437 for 3 days or longer.
Induction of G 0 /G 1 arrest by AHPN/CD437 in human lung cancer cell lines. Because AHPN/CD437 was previously reported to inhibit breast cancer cell growth by inducing G 0 /G 1 arrest (57), we then investigated whether AHPN/CD437 could also induce G 0 /G 1 arrest in NSCLC lines. The DNA content analysis (Fig. 3) showed that various NSCLC lines underwent a stable G 0 /G 1 arrest after AHPN/CD437 treatment. The entry of these cells into S phase was suppressed, while G 0 /G 1 phase increased as early as 12 h after treatment with 10 Ϫ6 M AHPN/ CD437 (Table 1) . Interestingly, H292 cells that exhibited a delayed apoptotic process in response to AHPN/CD437 (Fig.  2) , also showed G 0 /G 1 arrest similar to those of other cell lines. Thus, AHPN/CD437 can induce G 0 /G 1 arrest in human lung cancer cell lines independently of their apoptotic process.
Induction of p21 WAF1/CIP1 and p53 by AHPN/CD437 in human lung cancer cell lines. To obtain insight into the molecular mechanism by which AHPN/CD437 induces G 0 /G 1 arrest in human NSCLC lines, we examined the effect of AHPN/ CD437 on gene expression. Since p21 WAF1/CIP1 is known to play an important role in growth arrest that follows exposure to various stimuli (12, 14, 21, 24, 45, 73) and is highly induced by at mRNA levels in various NSCLC lines treated with 10 Ϫ6 M AHPN/CD437 for different periods of time (Fig. 4a) . Treatment with AHPN/CD437 caused a marked up-regulation of p21 WAF1/CIP1 message in H292 and H460 cells (Fig. 4a) . Induction of p21 WAF1/CIP1 message occurred as early as 1 h after exposure to 10 Ϫ6 M AHPN/CD437, and an increase of about 35-fold was observed after 24 h of treatment in these cells.
Levels of p21
WAF1/CIP1 protein were also examined by Western blotting using an anti-p21 WAF1/CIP1 monoclonal antibody (Fig.  4b) . The amounts of the 21-kDa protein in H460 and H292 cell lines correlated with the levels of p21 WAF1/CIP1 mRNA. Similar observations were also made in SK-MES-1 and A549 cells (data not shown). Thus, induction of p21 WAF1/CIP1 may be responsible for AHPN/CD437-induced G 0 /G 1 arrest.
Expression of p21 WAF1/CIP1 is mediated by both p53-dependent and -independent mechanisms (13, 24, 31, 39, 49, 61) . We, therefore, studied whether induction of p21 WAF1/CIP1 and G 0 /G 1 arrest in NSCLC lines was due to up-regulation of p53. H460, A549, and H292 cells express wild-type p53, while SK-MES-1 cells contain mutated p53 (55) . Western blot analysis using an anti-p53 antibody showed that levels of p53 protein were rapidly induced by AHPN/CD437 in H460, A549, and H292 cells (Fig. 4c) . In contrast, we did not observe any induction or expression of p53 protein in SK-MES-1 cells. These data suggest that induction of p53 may contribute to expression of p21 WAF1/CIP1 in H460, A549, and H292 cells. However, the observation that p53 was not expressed in SK-MES-1 cells also indicates that induction of p21 WAF1/CIP1 and G 0 /G 1 arrest by AHPN/CD437 can be mediated by a p53-independent mechanism.
Induction of c-Jun and nur77 by AHPN/CD437 in human lung cancer cell lines. Because nur77 is involved in regulating apoptotic process (36, 71) , we then examined whether nur77 was induced by AHPN/CD437 in NSCLC lines. Northern blot analysis demonstrated that nur77 message was highly induced by AHPN/CD437 in H292 and H460 cells (Fig. 4a) , as well as in SK-MES-1 and A549 cells (data not shown). Induction of nur77 was very fast, occurring as early as 2 h after exposure to AHPN/CD437, with maximal induction observed after 6 h of treatment, which then gradually decreased after 12 h of treatment.
Activation of nur77 is mainly mediated by the presence of multiple AP-1 binding sites in its promoter (64, 69) . We next determined whether c-Jun, a component of AP-1, was upregulated by AHPN/CD437. Figure 4a shows that c-Jun was rapidly induced by AHPN/CD437 in H292 and H460 cells. Time course analysis demonstrated that induction of c-Jun transcript was apparent with only 1 h of exposure to 10 Ϫ6 M AHPN/CD437. Similar to the induction of nur77, treatment with AHPN/CD437 for 6 h resulted in a maximal induction of c-Jun, which then gradually decreased after prolonged treatments. The similarity in the induction patterns of c-Jun and nur77 suggests that c-Jun may be involved in the regulation of nur77 expression.
To further determine AHPN/CD437-induced AP-1 activities, we measured AP-1 binding and transactivation activities in H460 and H292 cells. Nuclear proteins from cells treated with or without 10 Ϫ6 M AHPN/CD437 for 6 h were analyzed for their AP-1 binding activity by using the AP-1 binding site as a probe. Figure 5a demonstrates that nuclear proteins from AHPN/CD437-treated cells formed a much stronger binding complex with the AP-1 binding site than those from nontreated cells, suggesting that AHPN/CD437 could induce AP-1 binding activities. We next determined AHPN/CD437-induced AP-1 transactivation activity in H460 and H292 cells by a transienttransfection assay, using Ϫ73Col-CAT as a reporter. The reporter contains the CAT gene linked with the collagenase promoter that contains an AP-1 binding site, and the reporter is often used to measure AP-1 activities (74) . As shown in Fig.  5b , when the Ϫ73Col-CAT reporter was transfected into H460 or H292 cells, we observed a strong induction of reporter transcription when cells were treated with AHPN/CD437. The induction of reporter activities was AHPN/CD437 concentration dependent. Thus, AHPN/CD437 can induce AP-1 activity in human lung cancer cells. 
Regulation of Bcl-2 expression by AHPN/CD437 in lung cancer cell lines.
Members of the Bcl-2 family are involved in the regulation of the apoptotic process (34, 54) . To determine their involvement in AHPN/CD437-induced apoptosis in human NSCLC lines, expression of several members of the Bcl-2 family in response to AHPN/CD437 was examined by Western blotting (Fig. 6) . When the expression of Bcl-2 was analyzed, we did not detect any expression of Bcl-2 in apoptosis-sensitive A549 cells (Fig. 6a) . Bcl-2 was expressed in apoptosis-sensitive SK-MES-1 and H460 cells. However, its expression levels were dramatically inhibited when the cells were treated with 10 Ϫ6 M AHPN/CD437. Inhibition of Bcl-2 expression could be observed when the cells were treated for 12 h, and after a 24-h treatment, expression of Bcl-2 was almost completely inhibited. In contrast, Bcl-2 was highly expressed and its expression could not be clearly inhibited by AHPN/CD437 in H292 cells. When other members of the Bcl-2 family were studied, we found that Mcl-1, Bcl-X L , and Bax were highly expressed in H460 cells (Fig. 6b) and the other NSCLC lines (data not shown), and their expression was not clearly affected by AHPN/CD437 treatment except that a slight induction of Bax was observed after 24 h of treatment (Fig. 6b) . These data suggest that the lack of Bcl-2 in A549 cells or its inhibition in SK-MES-1 and H460 cells may render lung cancer cells more susceptible to the apoptosis-inducing effect of AHPN/ CD437.
c-Jun-mediated nur77 induction is critical for AHPN/ CD437-induced apoptosis. Our observation that c-Jun induction by AHPN/CD437 preceded nur77 and p21 WAF1/CIP1 induction suggested that c-Jun might play a critical role in the induction of nur77 and p21 WAF1/CIP1 and subsequent growth arrest or apoptosis by AHPN/CD437. We, therefore, stably transfected a dominant-negative c-Jun [c-JunAla (63, 73) ] cDNA into A549 cells. c-JunAla (63, 73) , where the two serine residues at positions 63 and 73 are replaced by two alanine residues, functions as a dominant inhibitor of endogenous cJun and has been successfully used in a number of previous studies (6, 52, 53, 59, 60) . A stable clone that expressed a high level of c-JunAla (63, 73) was analyzed for its effect on AP-1 transactivation activity by a transient-transfection assay using the Ϫ73Col-CAT reporter. As shown in Fig. 7a , the Ϫ73Col-CAT reporter was highly activated by AHPN/CD437 in parental A549 cells or A549 stably expressing an empty control vector (A549/vec). However, treatment of A549 cells that expressed the dominant-negative c-Jun (A549/dnJun) with AHPN/CD437 did not show any clear effect on collagenase promoter activity. We also examined the effect of the dominant-negative c-Jun on AHPN/CD437-induced endogenous cJun expression by Western blotting (Fig. 7b) . Expression of 
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c-Jun in A549 and A549/vec cells was strongly induced by AHPN/CD437. A549/dnJun expressed an increased level of immunoreactive c-Jun as reported previously (6) . However, treatment of A549/dnJun cells with AHPN/CD437 only slightly increased the immunoreactive c-Jun level. These data suggest that AHPN/CD437-induced AP-1 activity was largely inhibited by expression of the dominant-negative c-Jun, probably through interference with the endogenous activated c-Jun. We next examined whether nur77 or p21 WAF1/CIP1 was induced by AHPN/CD437 in the A549/dnJun clone. nur77 was strongly induced in A549 and A549/vec cells when they were treated with 10 Ϫ6 M AHPN/CD437 for 6 h. However, the same treatment failed to induce nur77 in A549/dnJun cells (Fig. 7c ). These data demonstrate that overexpression of the dominantnegative c-Jun inhibits the induction of nur77 by AHPN/ CD437. When expression of p21 WAF1/CIP1 was analyzed, we observed a similar induction pattern by AHPN/CD437 in A549, A549/vec, and A549/dnJun cells (Fig. 7c) , indicating that expression of the dominant-negative c-Jun did not have any effect on p21 WAF1/CIP1 expression. Thus, induction of c-Jun activity by AHPN/CD437 is critical for nur77 expression, but not for p21 WAF1/CIP1 expression. We next determined whether loss of AP-1 activities and nur77 expression in the dominant-negative c-Jun stable clone affected AHPN/CD437-induced growth arrest or apoptosis. As shown in Fig. 8a , AHPN/CD437 strongly inhibited the growth of the A549/vec clone, similar to that observed in the parental A549 cells. However, the growth-inhibitory effect of AHPN/ CD437 was largely reduced in the A549/dnJun stable clone, with only 12% growth inhibition by 10 Ϫ6 M AHPN/CD437 compared to 35% growth inhibition in the control stable clone. We then examined whether inhibition of AP-1 and nur77 expression by the dominant-negative c-Jun decreased AHPN/ CD437-induced apoptosis by the TdT assay (Fig. 8b) . Treatment of 10 Ϫ6 M AHPN/CD437 induced about 15% of apoptotic cells in A549 cells and 17% in A549/vec cells. However, the same treatment failed to induce apoptosis in the A549/dnJun clone. These data therefore demonstrate that induction of c-Jun by AHPN/CD437 is critical for AHPN/ CD437-induced apoptosis. We also studied the effect of dominant-negative c-Jun expression on G 0 /G 1 arrest by cell cycle analysis (Fig. 8c) . A549, A549/vec, and A549/dnJun all underwent G 0 /G 1 arrest in response to treatment with 10 Ϫ6 M AHPN/CD437 (Table 2) . Thus, inhibition of c-Jun and nur77 expression did not affect AHPN/CD437-induced G 0 /G 1 arrest, suggesting that p21 WAF1/CIP1 , rather than c-Jun and nur77, is critical for AHPN/CD437-induced G 0 /G 1 arrest in these lung cancer cells.
In order to provide more-direct evidence for the involvement of nur77 in mediating c-Jun-induced apoptosis, we stably expressed antisense nur77 cDNA in A549 cells. A stable clone that expressed the antisense nur77 RNA (A549/A-nur77) was analyzed for apoptosis in response to AHPN/CD437. As shown in Fig. 9a , AHPN/CD437-induced apoptosis in A549/A-nur77 cells was largely impaired, whereas the response to AHPN/ CD437 of a control clone that expressed the empty vector (A549/vec) was similar to that of the parental A549 cells. To further demonstrate the involvement of nur77, we stably ex- Table 2. VOL. 18, 1998 INDUCTION OF GROWTH ARREST AND APOPTOSIS BY AHPN (CD437) 4727 pressed antisense nur77 RNA in H460 cells. Two stable clones (H460/A-nur77#14 and H460/A-nur77#15) that expressed antisense nur77 RNA showed few apoptotic cells (4%) when they were treated with AHPN/CD437 for 24 h, whereas H460 cells and a control clone that expressed the empty vector (H460/ vec) exhibited 21 and 20% apoptotic cells, respectively (Fig.  9b) . These data suggest that nur77 is an important downstream target of c-Jun in AHPN/CD437-induced apoptotic process.
DISCUSSION AHPN/CD437, originally identified as a RAR␥-selective retinoid (3), inhibits the growth and induces the apoptosis of breast cancer (57, 68) , cervical cancer (9, 47) , melanoma (56) , and leukemia (29) cells. In this study, we demonstrate that AHPN/CD437, through induction of apoptosis and G 0 /G 1 arrest, is also a more potent inhibitor than trans-RA on the growth of four human NSCLC lines, including a p53-deficient cell line. Our results show that induction of G 0 /G 1 arrest is mainly due to induction of p21
WAF1/CIP1
. Importantly, we found that induction of c-Jun and nur77 plays a critical role in AHPN/CD437-induced apoptosis.
AHPN/CD437 induced G 0 /G 1 arrest in four NSCLC lines investigated ( Fig. 3 and Table 1 ). Our results demonstrate that induction of p21 WAF1/CIP1 is likely responsible for AHPN/ CD437-induced G 0 /G 1 arrest. p21
WAF1/CIP1 was highly induced by AHPN/CD437 in lung cancer cell lines (Fig. 4a and b) , similar to that observed in human breast cancer cell lines (57) . It occurred very rapidly, within 1 h of the AHPN/CD437 addition (Fig. 4) , suggesting that p21 WAF1/CIP1 may be one of the AHPN/CD437 primary response genes. p21 WAF1/CIP1 is a potent inhibitor of cdk complexes and is induced in response to DNA damage and in senescent cells (14, 21, 24, 45, 73) . Recent evidence indicates that p21 WAF1/CIP1 arrests the cell cycle in G 0 /G 1 by preventing the phosphorylation of critical cdk substrates required for cell cycle progression (14, 21, 24, 45, 73) . Although expression of c-Jun and nur77 was also rapidly induced by AHPN/CD437 (Fig. 4a) , our observation that inhibition of c-Jun and nur77 expression by a dominant-negative c-Jun did not affect G 0 /G 1 arrest in A549 cells (Fig. 8) suggests that c-Jun and nur77 are unlikely to be involved in AHPN/ CD437-induced cell cycle arrest. Thus, the marked increase of p21
WAF1/CIP1 provides a likely explanation for the action of AHPN/CD437 in inducing G 0 /G 1 arrest and preventing cell cycle progression.
Induction of p21 WAF1/CIP1 is mainly mediated by p53-dependent and -independent mechanisms (13, 24, 31, 39, 49, 61) . Our results (Fig. 4c) suggest that induction of p53 by AHPN/CD437 may contribute to its inducing effect on p21 WAF1/CIP1 expression in certain lung cancer cell lines. However, the facts that SK-MES-1 cells lack wild-type p53 (55) and did not show p53 induction upon AHPN/CD437 treatment (Fig. 4c) suggest that p21 WAF1/CIP1 induction by AHPN/CD437 can be mediated by a p53-independent mechanism. Such a p53-independent mechanism of AHPN/CD437 was previously demonstrated in breast cancer cells (57) . Since most lung cancer cell lines lack wildtype p53 (63) , aberrant cell proliferation resulting from mutated or deleted p53 could be attenuated by AHPN/CD437.
Human NSCLC cells underwent extensive apoptosis in response to AHPN/CD437, as evidenced by typical morphological changes and by DNA degradation in the TdT assay (Fig.  2 ). Our results demonstrate that apoptosis induction by AHPN/CD437 involves regulation of genes for c-Jun, nur77, p53, and Bcl-2. Induction of c-Jun is probably the critical step. It occurs very fast, within 1 h of addition of AHPN/CD437 (Fig.  4) . Expression of a transdominant inhibitor of c-Jun that inhibited AHPN/CD437-induced c-Jun expression and AP-1 transactivation activities ( Fig. 7a and b) inhibited AHPN/ CD437-induced apoptosis (Fig. 8b) , but not AHPN/CD437-induced G 0 /G 1 arrest (Fig. 8c ) in A549 cells. These results convincingly demonstrate that c-Jun is a critical mediator of AHPN/CD437-induced apoptosis. In addition, they indicate that AHPN/CD437-induced G 0 /G 1 arrest and apoptosis are separate signaling responses. The involvement of c-Jun in the apoptotic progress is supported by a recent report that an increase of c-Jun activation is sufficient to trigger apoptotic cell death in NIH 3T3 fibroblasts (5) . Moreover, strong and prolonged induction of c-Jun has also been reported in response to stress-inducing stimuli, including UV and ionizing irradiation, growth factor deprivation, and anticancer agents that can trigger apoptosis (7, 11, 15, 19, 23, 33, 41) .
The apoptotic activity of AHPN/CD437 is also mediated by nuclear orphan receptor nur77. nur77 was highly induced by AHPN/CD437 in all four NSCLC lines investigated, and induction occurred when cells were exposed to AHPN/CD437 for as short a time as 2 h (Fig. 4) . The involvement of nur77 is shown by our observation that inhibition of its expression by c-JunAla (63, 73) completely abolished AHPN/CD437-induced apoptosis in A549 cells (Fig. 8b) . Moreover, inhibition of nur77 expression by overexpression of antisense nur77 RNA largely impaired the ability of AHPN/CD437 to induce apoptosis in both A549 and H460 cells (Fig. 9) . The apoptotic effect of nur77 was originally demonstrated by the findings that it was highly induced during T-cell receptor-mediated apoptosis in T-cell hybridoma (36, 71) and that expression of dominantnegative or antisense nur77 inhibited apoptosis (36, 71) . Since nur77 is involved in the transcriptional control of its target genes, it is likely that nur77 may be responsible for induction of as yet unidentified genes executing cell death.
nur77 is likely one of the important downstream targets of c-Jun during AHPN/CD437-induced apoptotic process. This is based on our observation that induction of c-Jun preceded nur77 induction by AHPN/CD437 (Fig. 4) . c-Jun was induced by AHPN/CD437 within 1 h of exposure of H292 and H460 cells, while nur77 message was induced after a 2-h treatment (Fig. 4) . In addition, induction patterns of both genes were very similar, with a maximal induction after 6 h of treatment, Fig. 8c . Cont., control.
followed by a gradual decrease with prolonged AHPN/CD437 treatment (Fig. 4) . Moreover, expression of the dominantnegative c-Jun that inhibited AHPN/CD437-induced c-Jun expression (Fig. 7b) and AP-1 activity (Fig. 7a) impaired nur77 induction by AHPN/CD437 (Fig. 7c) . Induction of nur77 expression by c-Jun is most likely mediated by several AP-1 binding sites present in the nur77 promoter (64, 69) . How AHPN/CD437 induces c-Jun transcription requires further investigation. Increase of c-jun mRNA production by various stimuli is highly regulated by phosphorylation of c-Jun or activated transcription factor 2 that bind to the AP-1 binding sites present in the c-jun promoter (65) . The rapid induction of c-Jun by AHPN/CD437 suggests that the effect of AHPN/ CD437 may be mediated by a kinase or phosphatase that modifies transcriptional factors required for c-Jun induction.
Although induction of nur77 is required for AHPN/CD437-induced apoptosis in lung cancer cell lines, nur77 was also rapidly and highly induced by AHPN/CD437 in H292 cells (Fig. 4) that, however, showed a delayed apoptotic process (Fig. 2) . Thus, the susceptibility to undertake apoptotic process in response to nur77 signaling is dependent on the cellular context. This is true for other cell-death-inducing stimuli, where the sensitivity to apoptosis frequently depends on the cell type and the availability of external or internal survival factors (17, 62, 67) . Our results demonstrate that one of the factors that contribute to the sensitivity of lung cancer cells to apoptosis-inducing effect of AHPN/CD437 is Bcl-2. Bcl-2 is known to induce cell survival in a variety of cell types (34, 54) . Expression of Bcl-2 was strongly inhibited by AHPN/CD437 in SK-MES-1 and H460 cells that underwent a rapid apoptosis in response to AHPN/CD437 and was not observed in A549 cells that were also very sensitive to the apoptosis-inducing effect of AHPN/CD437 (Fig. 6) . In contrast, Bcl-2 was highly expressed and its expression was not clearly affected by AHPN/CD437 in H292 cells (Fig. 6 ). These data suggest that Bcl-2 may play an important role in the regulation of the onset of AHPN/CD437-induced apoptosis.
p53, which is known to be responsible for apoptosis triggered by onogenes, ionizing radiation and certain anticancer drugs (67), was also highly induced by AHPN/CD437 in several NSCLC lines (Fig. 4c) . It was previously reported that the apoptosis-inducing effect of p53 was in part due to its activation of the death gene bax (44) . Indeed, Bax expression was slightly enhanced by AHPN/CD437 in lung cancer cells (Fig.  6b) . This suggests that p53 may have a role in the modulation of AHPN/CD437-induced apoptosis in certain NSCLC lines. However, the observation that p53 is not expressed in SK-MES-1 cells (Fig. 4c) which underwent extensive apoptosis (Fig. 2) suggests that p53 may not be necessarily required for AHPN/CD437 to induce apoptosis in lung cancer cells.
In conclusion, AHPN/CD437 can effectively induce apoptosis and G 0 /G 1 arrest in human lung cancer cell lines. Induction of apoptosis is mediated by a c-Jun-nur77 pathway and is modulated by levels of p53 and Bcl-2 that can be regulated by AHPN/CD437 in a cell type-specific manner, whereas induction of G 0 /G 1 arrest is conferred by up-regulation of p21 WAF1/CIP1 . Our demonstration that AHPN/CD437 effectively induces growth arrest and apoptosis in different lung cancer cell lines and recent reports that similar effects occur in breast cancer (57) and leukemia (29) cells and that several AHPN/CD437 analogs profoundly inhibited cancer cell growth (38) suggest that AHPN/CD437 may represent a group of compounds with potential therapeutic activity against both retinoid-sensitive and -insensitive cancers. Our findings that AHPN/CD437 utilizes multiple anticancer pathways in different cell types and that its effect does not require p53 may have important implications in cancer treatment, especially against lung cancer in which p53-or retinoid receptor-dependent growth arrest and apoptosis may be impaired due to high frequencies of p53 mutations (63) and abnormal expression of retinoid receptor (20, 35a, 72, 78) .
